ABSTRACT The duality of amphibians is epitomized by their pharyngeal arch skeletons, the larval and adult morphologies of which enable very different feeding and breathing behaviors in aquatic and terrestrial life. To accomplish this duality, amphibian pharyngeal arch skeletons undergo two periods of patterning: embryogenesis and metamorphosis, and two periods of growth: larval and postmetamorphic. Their extreme ontogenetic variation, however, is coupled with relatively limited phylogenetic variation. I propose that amphibians face an evolutionary tradeoff between their ontogenetic and phylogenetic diversification that stems from the need to grow and transform the pharyngeal arch skeleton in cartilage rather than bone. Cartilage differs fundamentally from bone in its histology, function, development and growth. Cartilage is also the first skeletal tissue to form embryonically and provides more cellular pathways for shape change than bone. This article combines morphological, histological and experimental perspectives to explore how pharyngeal arch cartilage shape is controlled in amphibian embryogenesis, growth and metamorphosis, and how amphibian skeletal ontogenies are impacted by using cartilage to evolve a complex life cycle and in evolving away from a complex life cycle.
Introduction
Vertebrates typically form most of their embryonic skeleton in cartilage and soon cover or replace much of it with dermal and endochondral bone (de Beer, 1937 , Goodrich, 1930 . Thus, the embryonic patterning of skeleton primarily involves mesenchymal cells condensing to form cartilage and the postembryonic growth of skeleton involves primarily bone. In accordance with von Baer, embryonic patterning generally appears to account for the big phylogenetic differences in skeletal morphology and postembryonic growth for smaller phylogenetic differences. Amphibians depart from this general vertebrate program in several important ways. They have two periods of patterning: embryogenesis and metamorphosis, and two periods of growth: larval and postmetamorphic, which collectively produce very disparate larval and adult morphologies. Their pharyngeal arch (PA) skeletons, which represent the mobile part of the skull and support different feeding and breathing behaviors in the two growth environments, persist largely or entirely as cartilage throughout larval growth and metamorphosis. Amphibians have also repeatedly evolved away from (and possibly even re-evolved) their primitively complex life history, but with relatively little divergence from or innovation in their larval and adult PA skeletons (Rocek, 2003 , Rose, 2003 . More generally, despite the extremely specialized bauplan of frogs (Handrigan and Wassersug, 2007) , amphibians simply cannot hold a candle to the diversities in adult skeleton that have been attained by chondrichthyans, teleosts, reptiles, birds and eutherian mammals (Alexander, 1994 , Winchester, 2012 .
These features place amphibians on a unique pedestal for evolutionary developmental morphologists. Understanding how their ontogenetic variation in PA skeletal shape impacts their phylogenetic variation requires assessing the relative contributions of all four phases of patterning and growth to skeletal shape trajectories. It also requires working out the mechanisms that regulate skeletal shape during these phases and how they might constrain the evolution of shape trajectories. More specifically, cartilage differs fundamentally from bone in its histology, function, development and growth, and its prevalence in the feeding and breathing skeleton of larval and metamorphic-stage amphibians is not likely coincidental nor without consequence for amphibian evolution. This article explores the development and evolution of the amphibian pharyngeal arch skeleton with the aim of encouraging a whole-ontogeny, cartilage-specific approach for understanding how skeletal shape evolves in one class of vertebrates. The focus is explicitly at a cell and tissue level on the premise that while genes control cell behaviors and genetic changes make permanent evolutionary changes, tissue-level properties and ontogenetic patterns are ultimately what inform us most about mechanisms of evolutionary diversification.
The functional morphology of the amphibian pharyngeal arch skeleton
Although a descriptive survey of the diversity in amphibian PA skeletons is far beyond the scope of this review and recent ones are available elsewhere (Cannatella, 1999 , Pugener et al., 2003 , Rocek, 2003 , Rose, 2003 , a brief overview is helpful here to establish context. Larval amphibian PA skeletons consist of flexible networks of rods and bars that are connected to each other by moveable articulations and branchiomeric and hypobranchial muscles ( Fig. 1-2 ). The network is generally designed to pump water through the buccal, pharyngeal and branchial chambers and for biting, sucking or rasping anteriorly and supporting internal or external gills posteriorly (Cannatella, 1999 , Deban, 2003 . Whereas jaw and jaw suspension cartilages are specialized for different feeding behaviors in tadpoles (see below), they are relatively unspecialized in larval salamanders; the lower jaw cartilage is oriented horizontally and gently curved and the jaw suspension cartilage (palatoquadrate) is oriented close to vertical. The hyoid and branchial arch elements of both groups tend to be straight or gently curving bars that run parallel with each other. The palatoquadrate has multiple connections to the chondrocranium that change during metamorphosis and the lateral end of the hyoid cartilage is usually tethered by muscle or ligament to the jaw suspension or chondrocranium. Although central portions of elements often mineralize (whether by calcification, endochondral replacement or periosteal ossification has not been well investigated), the majority of the skeleton including articulations persists as cartilage until the end of metamorphosis. Larval salamanders supplement their first arch cartilages with dentigerous dermal jaw and palate bones that participate in prey capture and intraoral transport of food (Fig. 1) . The upper and lower jaws of tadpoles consist primarily of cartilage that defines their shape and function until metamorphosis (Fig. 2) , at which point dermal bones replace the upper jaw cartilages and fully encase the lower jaw cartilage.
Compared to their larval counterparts, the hyoglossal skeletons of metamorphosed salamanders consist of fewer, more tapered bars and rods arranged in a more mobile network that supports the tongue base anteromedially and collapses towards the midline as the tongue is protruded or projected (Fig. 4F , Deban, 2003 , Rose, 2003 . The hyoglossal skeletons of frogs, in contrast, consist of a variable combination of bar-, rod-and plate-like elements that are separate laterally but coelesce medially in an immobile platform ( Fig. 1 in Rose, 2009 , Rocek, 2003 . They function in supporting the tongue and larynx and in tongue protrusion in forms with tongues and in suction feeding in forms without them (Carroño and Nishikawa, 2010, Nishikawa, 2000) . Amphibians with lungs also use their larval and adult PA skeletons to pump air for lung ventilation.
The replacement of cartilage by bone (or calcification of cartilage) in larval and adult PA skeletons is usually limited to the central portions of rods and plates, and often in regions that are expected to receive maximal loading, e.g., the recurved distal portion of the adult ceratohyal in plethodontid salamanders (Fig.  4F) , which anchors the tongue during its projection, and the distal portions of larval ceratobranchials in large salamanders, which support external gills ( Fig. 1 C-D) . Indeed, the one metamorphosing plethodontid to exhibit the latter ossifications has the largest larvae in this family and other salamanders that exhibit them tend to grow larger larvae (Rose, 1995a , Rose, 2003 . The lower jaw cartilage also acquires endochondral ossifications at one or both ends. Judging by anatomical descriptions, the increase in diameter of parts of elements that have been replaced by bone often lags behind that of adjacent cartilage ( Fig. 1 D-E) . However, elements that are largely or entirely replaced by bone, e.g., the adult ceratohyal in Hymenochirus (Ridewood, 1899) and the first branchial arch skeleton in Amphiuma (Fig. 1F ), appear to grow proportionally with other parts of the PA skeleton.
How do embryonic patterning and growth contribute to amphibian pharyngeal arch skeletal shape?
Thanks to developmental geneticists, we have a fairly detailed picture of how the pharyngeal arch skeleton is patterned embryonically. Depending on their axial level in the neural fold, cranial neural crest cells initiate one of several different homeotic gene-initiated cascades of gene expression. These cascades are maintained and elaborated upon as the cells migrate into pharyngeal arches ( Fig. 3 A-C) by signaling proteins coming from the neural tube, pharyngeal ectoderm, somitomere-derived arch mesenchyme and pharyngeal endoderm (Depew et al., 2002 , Miller et al., 2003 , Pasqualetti et al., 2000 , Santagati and Rijli, 2003 , Square et al., 2015 . The cranial neural crest cells of amphibians migrate beneath the pharyngeal ectoderm and then move deep to temporarily encase the arch mesenchyme . Cells close to the pharyngeal endoderm condense into PA skeletal rudiments (Fig. 3 D-G) while others presumably mingle with the arch mesenchyme to form muscle linings and connections to skeleton (Ericsson et al., 2004 , Olsson and Hanken, 1996 , Sadaghiani and Thiébaud, 1987 . Anterior-posterior differences in cell position are preserved from the neural fold all the way through migration to condensation (Olsson and Hanken, 1996) .
As the early parts of the gene cascades are largely conserved among vertebrates (Square et al., 2015) , the species-specific shapes and sizes of PA condensations appear to be determined by downstream interactions between the gene cascades and signal proteins that control neural crest cell behaviors during and after crest cell migration. While this interaction has not been worked out for amphibians, shaping of the mandibular arch condensations in birds into bills and beaks of different shapes involves postmigration cell division being regulated in a species-specific manner by BMP and calmodulin signaling (Abzhanov et al., 2006 , Abzhanov et al., 2004 , Wu et al., 2006 , Wu et al., 2004 .
Interestingly, first and second arch neural crest cells transplanted homotopically between frog and salamander embryos and between duck and quail embryos still develop cartilages with donor-specific shapes and sizes (Andres, 1949 , Schneider and Helms, 2003 , Tucker and Lumsden, 2004 , Wagner, 1949 , Wagner, 1955 . These include the infrarostral cartilage, which forms as a separate cartilage in the median lower jaw of larval frogs, is unique to frogs, and continues to form when frog first arch cells are transplanted into salamander embryos. These transplants collectively suggest that most species-specific aspects of cartilage shape are instructed by downstream gene expression that is autonomous to crest cells and not by the signaling or topography of arch tissues. Also, although formation of the jaw joint (the joint between Meckels cartilage and the palatoquadrate) and the anterior-posterior orientation of PA cartilages requires signals from arch tissues (Miller et al., 2003 , Pasqualetti et al., 2000 , the signals act permissively in these respects and their input to lower jaw development is conserved, at least within vertebrate classes. In contrast, formation of the intramandibular joint (the joint between the infrarostral and Meckels cartilage) in frogs appears to be autonomous to frog neural crest cells and its occurrence in Xenopus appears to involve shifts in the expression of one or two downstream transcription factors that allow cells to form this joint (Square et al., 2015) . This difference raises the intriguing possibility that the phylogenetic history of PA skeletal joints (and thus PA cartilage homologies) is preserved in the genetic machinery for joint formation and that more recently evolved joints can be distinguished by autonomous specification involving later acting transcription factors. How has the embryonic patterning of PA skeletons evolved within salamanders and frogs? Changes in salamanders include the recurring loss of hypohyals (Fig. 1C ), fourth ceratobranchials (Fig. 1C) , and second basibranchial cartilages, fusions between elements within the same arch, and changes in the relative size of elements (Rose, 2003) . This paper follows the hypobranchial, ceratobranchial terminology of Rose 2003, as there is no evidence for the loss of hypobranchials in the ancestral salamander, which is implied by the alternative terminology of ceratobranchial, epibranchial. Functionally significant changes in cartilage size and shape are relatively rare and the most dramatic examples are associated with animals escaping complex life cycles by evolving direct development and paedomorphosis (see below). Losses and fusions and changes in relative size of cartilages are consistent with changes in neural crest migration and joint formation. For example, the fourth ceratobranchial has been lost repeatedly and in the forms in which it is variably present (Hemidactylium, Pseudobranchus), it is often partially or totally fused with the third ceratobranchial (Rose, 2003) . Since the neural crest cells that form the third and fourth ceratobranchials migrate as part of one large stream at least until the cells move deep to get to endoderm , Falck et al., 2002 , Sadaghiani and Thiébaud, 1987 , fusion or loss of the fourth ceratobranchial could result from a minor change in migration pathway. The hypohyal, which has also been lost repeatedly, varies considerably in size relative to the ceratohyal in the forms that have it and its separation from the ceratohyal is delayed to mid larval stages in at least one hynobiid (Rose, 2003) . Also, a plethodontid salamander that lacks the hypohyal at larval stages ( Fig. 4 A-C) can be induced by exogenous thyroid hormone to develop the tongue-supporting lingual cartilage in continuity with the ceratohyal (Rose, 1995c , Rose, 2003 . This suggests that plethodontids have delayed formation of the joint that separates the hypohyal from the ceratohyal to metamorphosis, at which point the hypohyal emerges as the lingual.
In contrast to larval salamanders, tadpoles rarely exhibit loss or fusion of PA elements but show great variation in the shape, size and position of first, second and third arch cartilages, which reflects specialization for different foods and feeding behaviors. For example, a long, almost horizontal palatoquadrate and similarly sized but differentially aligned infrarostral and Meckels cartilages correlates with rasping vegetation and microphagy (Fig. 2 A- B, de Jongh, 1968 , Pusey, 1938 ; an oversized, robust lower jaw with an unpaired infrarostral correlates with carnivory by megalophagy (Fig. 2C , Ziermann et al., 2013) ; an elongated, U-shaped lower jaw without a distinct infrarostral, loss of the posterior two ceratobranchials, and an expanded basihyal correlates with carnivory by suction feeding (Fig. 2D , Olson, 2002, Ericsson et al., 2009 ) and a slender lower jaw comprised mostly of Meckels cartilage plus a robust ceratohyal and overdeveloped ceratobranchials correlates with midwater suspension feeding (Fig. 2E , Ryerson and Deban, 2010, Sedra and Michael, 1957) .
Variation in the shape, size and position of larval PA cartilages begs the question of how much arises in embryonic patterning and how much emerges in postembryonic growth? The options for postembryonic growth are isometry (which is used here to mean no change in shape with size) and allometry, which usually means that dimensions for describing shape adhere to an exponential growth equation but can include any deviation from nonisometric growth. Though anatomical descriptions of PA skeletal ontogeny do not usually quantify shape or variation therein, comparisons of different larval stages indicate that, with the exception of becoming relatively thinner, PA cartilages appear to grow isometrically or close to it in both salamanders and frogs ( Fig. 1 in Rose, 2009 Rose, , 2015 . Nonetheless, a quantitative approach is direly needed to expose which cartilages and which species depart from isometric growth and how they do so. Isometric growth implies that all species-specific aspects of PA cartilage shape and, by extension, all interspecific differences are established in embryonic patterning. Allometric growth implies that interspecific differences can also arise during growth and in either a size-dependent or size-independent fashion. On one hand, isometric growth is theoretically constraining in that it does not allow for shape changes to accommodate changing functional demands. On the other hand, it would ensure that cartilages finish growth and start metamorphosis at fixed shapes, which could be important for maintaining the functional integrity of metamorphic ontogenies (see below).
How do pharyngeal arch cartilages grow and change shape?
Unlike most parts of the chondrocranium, which grow as sheets alongside sense organs and regions of brain, PA cartilages grow on their own and as rods, bars and plates. Whereas growth of the chondrocranium is subject to two sources of biomechanical loading (stretching of internal surfaces by the growth of sense organs and brain regions and pulling on external surfaces by the contraction of muscles), the growth of PA cartilages is subject only to the latter. Unlike bone, cartilage is nonvascular and its outer layer of flattened, undifferentiated cells (perichondrium) seals it off from all other tissues. Also, whereas bone grows only by the deposition of matrix and mineral along external surfaces (accretional growth), cartilage grows by the division, death, matrix secretion and changes in size and shape of chondrocytes in the center of the tissue (interstitial growth) (Hall, 2005 , Rose, 2009 . Although cartilage might also grow on its surface by recruiting chondrocytes from the perichondrium (appositional growth), the occurrence of this process in amphibians is unclear. Histological and transmission electron micrograph descriptions of larval PA elements do not report zones of small cells inside the perichondrium (de Jongh, 1968 , Sedra and Michael, 1957 , Thomson, 1986 , Thomson, 1987 , which would be expected (but is not definitive evidence) of chondrocytes being recruited in this manner.
With the exception of ceratobranchial replacement in plethodontid salamanders (Alberch and Gale, 1986) , the cellular basis of how PA cartilages are transformed from larval shapes, sizes and orientations into postmetamorphic ones is poorly understood. On the basis of anatomical, morphometric and histological descriptions, Rose (2009) hypothesized three cellular pathways: 1) de novo condensation to add new parts onto existing cartilages, 2) reshaping and resizing cartilages by spatially integrated mixes of cell division, death and matrix secretion, and 3) reshaping and resizing cartilages by spatially segregated mixes of cell division, death and matrix secretion.
Ceratobranchial replacement (Fig. 4) appears to be an extreme manifestation of the first pathway. Cells for the adult cartilage appear to derive from a small portion of the perichondrium of the larval cartilage, which also serves as a base for their condensation and for growth and differentiation of the new cartilage, which ultimately replaces the resorbing larval cartilage (Alberch and Gale, 1986) . When the process is induced precociously, the condensation arises separately from the larval element, which persists in a shortened form (Rose, 1995b) . Other new elements or cartilage additions that appear to arise in this way include the frog tympanic ring and columella, the cells for which appear to derive from the perichondrium of a resorbing part of the palatoquadrate (Barry, 1956 , van der Westhuizen, 1961 ; the posterior hook and lateral plate-like additions to salamander ceratohyals; the posterior radial cartilages of salamanders and the two or three paired processes of the hyoglossal skeleton in frogs. Efforts to label the larval portions of adult cartilages in Xenopus suggest that both ends of the adult Meckels cartilage are also added on in this manner (Kerney et al., 2012b) . Whether progenitor cells are always recruited from the perichondria of resorbing cartilages or can also derive from uncondensed populations of former neural crest cells is unclear.
Distinguishing between the second and third pathways is subjective and depends on the scale and pattern of cell behaviors within larval cartilages and whether the perichondrium stays intact. In the second pathway, cells simply become rearranged to transform, for example, a thick, short cartilage into a longer, thinner one with a slightly different shape. In the third pathway, cells on the periphery of the larval cartilage die and those in the center undergo morphogenesis to form a smaller cartilage with a different shape. Both pathways require that larval cartilages have relatively little matrix and undergo cell division to produce smaller cells that can either be rearranged to reshape the larval cartilage or undergo morphogenesis to form a new cartilage within the resorbing larval cartilage. In contrast to Kerney et al., (2012b) , histological description and careful morphometric analyses of the Meckels cartilage and ceratohyal in Xenopus (Rose, 2009 (Rose, , 2015 suggest that these cartilages exemplify these two pathways.
How is pharyngeal arch cartilage shape controlled in growth and metamorphosis?
The cellular basis for regulating cartilage shape in growth has so far been studied only for limb elements in mammals (Cooper et al., 2013 , Farnum et al., 2008 , Serrat, 2014 . However, the existence of shape regulating mechanisms in amphibian cranial cartilages is supported by studies of untreated and teratogen-exposed Xenopus tadpoles (Rose, 2015 , Vandenberg et al., 2012 , which show that variation in cartilage shape tends to decrease with tadpole growth.
Understanding how cartilage shape is regulated in growth and metamorphosis is complicated by several factors. Amphibians have relatively large cell sizes, cartilage histology differs among elements and changes over growth and metamorphosis, and at least two of the cellular pathways for cartilage shape change drocytes and flattened perichondrial cells embedded in matrix (Rose, 2009) , their mechanisms for regulating shape are also likely to be qualitatively different from the patterning mechanisms of embryogenesis, though this does not preclude the pathways for shape change being specified in embryogenesis. Also, early cartilage growth appears to have very different requirements for shape regulation than later growth. Shape must be maintained in elements that initially lack a perichondrium and, judging from zebrafish PA development (Kimmel et al., 1998) , might pass through stages of being one, two and three cells thick (Rose, 2009) . In this scenario, in addition to cell-cell interfaces, a cell surface might contribute to first the entire circumference of a cylindrical cartilage, then one half of its circumference and eventually either a smaller portion of its surface or none at all. Regarding the role of environmental factors, though mechanical loading affects the growth of epiphyseal growth plates and articular and condylar cartilages (Hall, 2005 , Shwartz et al., 2013 , to my knowledge, there are no reports of mechanically induced changes in the shapes of any PA cartilages in amphibians or fish including chondrichthyans. Amphibian PA cartilages lack the zonation of cell behaviors that defines epiphyseal growth plates (Rose, 2009 ) and do not generally develop raised or ridged muscle attachment surfaces (Rose, 2003) , which are the characteristic signs of mechanical loading influencing bone growth. Also, cartilage lacks mineral and its vacuolate cells and hydrated, water permeable extracellular matrix produce an internal fluid pressure (Wolpert, 1981 ) that should make it respond to stress quite differently than bone. Cartilages that are bent or compressed by loading are likely to experience changes in fluid pressure evenly throughout the tissue. Suggestions that the growth allometries of parts of tadpole chondrocrania reflect ontogenetic changes in mechanical loading (Larson, 2002) and that intraspecific differences in these allometries arise from food differences (Larson, 2004) are difficult to test. Tadpole chondrocranial growth appears to be affected by temperature (Jorgensen and Sheil, 2008) , but given the daily extremes in temperature and unpredictable seasonal changes that most temperate amphibian larvae experience, it is difficult to envision skull cartilages effecting an adaptive response to this environmental variable in the way that limb cartilages do in endotherms (Serrat, 2014) .
How does evolving a metamorphosis impact pharyngeal arch skeletal ontogeny?
The association between amphibians evolving a metamorphosis and growing and transforming their larval PA skeletons as cartilage invites some consideration of causality. Cartilage appears to a better choice for evolving a metamorphosis than bone for a number of reasons. Larval amphibians gain support from buoyancy and can obviously meet the strength, flexibility and compressibility needs for their feeding and breathing movements with cartilage while avoiding the added weight, rigidity and calcium demand of bone. That bony parts of larval PA skeletons sometimes grow more slowly than cartilage might reflect either the additional strength imparted by bone or the additional cost of making it. Cartilage is also probably less energy-and time-consuming to resorb than bone. Indeed, the only bones lost at metamorphosis by frogs and salamanders are palatal and inner jaw bones and mineralized portions of larval ceratobranchials in salamanders (Rocek, 2003 , Rose, 2003 . However, one caecilian species flouts this hypothetical constraint by apparently making almost its entire larval PA skeleton in bone and replacing it all with new cartilage elements at metamorphosis (Wake, 1989) .
A more compelling reason for why amphibian PA skeletons grow and transform as cartilage is that cartilage provides more cellular pathways for metamorphic shape change than bone. Pathways 2 and 3 rely on cell behaviors that cannot happen in bone. Throughout frogs and salamanders, only one larval bone (the vomer of salamanders) appears to be largely replaced by new bone at metamorphosis (Rocek, 2003 , Rose, 2003 . All others appear to use accretional growth to become larger and/or develop more prominent parts, much the way they do before and after metamorphosis.
Probably the most compelling reason for why amphibian PA skeletons grow and transform as cartilage is that cartilage is the first skeletal tissue to differentiate embryonically and the evolutionary origin of amphibian metamorphosis likely involved coordinated changes in the embryological patterning of PA cartilages and their shape regulation during growth. Changes and delays in specific aspects of embryological patterning had to occur to create cartilages with distinctly larval shapes. At the same time, larval periods of increasingly allometric growth had to transition into cellular pathways of shape change for transforming the larval cartilages into distinctly adult shapes.
How individual tissues acquired a particular cellular pathway for changing shape probably depended on the size and shape changes being selected for, as well as the histological properties required by the functions of the larval and adult cartilages. Pathway 2 allows for subtle changes in cartilage curvature, thickness and length without disrupting the structural integrity or function of the tissue. Pathway 3 contrasts by allowing a magnitude of shape change that is limited only by the extent of the accompanying size reduction, but it also requires a temporary disruption of the perichondrium and cellular fabric of the cartilage. Both pathways call for cartilage thinning, which, based on anatomical descriptions, appears to be common in many parts of the amphibian PA skeleton (Rose, 2009) . Indeed, the emergence of long, curving, string-like radial cartilages from within blocky hypohyal cartilages in hynobiid and dicamptodontid salamanders (Rose, 2003) defies the classical notion that larval cartilage shape constrains the evolution of adult cartilage shape.
As exemplified by ceratobranchial replacement in the plethodontid Eurycea, the choice of pathway might also be predicated on how associated tissues are remodeled. The new adult ceratobranchial develops along with a new helically wound muscle that replaces the linear muscle used to protract the larval cartilage (Alberch and Gale, 1986) . As demonstrated by Meckels cartilage in Xenopus (Rose, 2015) , cartilages can be made longer, thinner and slightly more curved without having to be replaced. As demonstrated by other plethodontids like Hemidactylium and Desmognathus, ceratobranchial replacement does not always produce a noticeably longer and more curving adult cartilage (Rose, 2009) . Hence, the first pathway likely evolved here to make a unique configuration of adult cartilage and muscle and not simply an adult cartilage with a new shape.
At the same time that the choice of cartilage might have created opportunities for functional diversification, the functional requirements of the PA skeleton are likely to have constrained how PA cartilages grow and change shape. Metamorphosis transforms a network of rod-and bar-like PA cartilages that are designed for present rare opportunities to understand how skeletal development is modified in evolution because in both cases we have a pretty good idea of the primitive metamorphic skeletal ontogeny and enough of this ontogeny is retained in the derived forms to inform us about the developmental mechanisms involved in their evolution.
Direct development
Direct development, which has evolved multiple times in both frogs and plethodontid salamanders, generally involves the loss of larva-specific anatomical features, elimination of the larval growth period and the predisplacement of metamorphic changes to intra-oval development. The changes in skeletal development (Hanken et al., 1992 , Kerney et al., 2007 , Kerney et al., 2012a , Lynn, 1942 and evidence that the predisplacement is caused by a shift in the timing of thyroid gland activity (Callery and Elinson, 2000; Jennings and Hanken, 1998) are well described elsewhere. What is interesting here are the differences in how direct developing salamanders and frogs have diverged from their primitive metamorphic ontogenies.
Comparing the direct developing plethodontid Plethodon (Kerney et al., 2012a) and the metamorphosing plethodontid Eurycea (Rose, 1995a ) reveals a remarkable similarity in PA skeletal ontogeny (Fig.  4-5 ). Most cartilages pass through the same changes in cartilage shape, size and orientation and with the same timing relative to each other. The few differences in Plethodon include ceratobranchial replacement, which appears to involve a much larger portion of the larval cartilage serving as a template for forming the adult cartilage, and the fourth ceratobranchial being relatively smaller and shorter lived. The metamorphic changes are similar despite happening at the end of a prolonged period of intra-ovum development in Plethodon and a multiyear larval period in Eurycea. Observations on another direct developing plethodontid, Desmognathus aeneus (Marks, 1994, Marks and Collazo, 1998) , support the finding that direct Reprinted with permission of the author from Kerney at al. (2012a) ; terms have been changed to be consistent with terminology used in this paper.
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A one set of movements and loads into another network designed for very different movements and loads. Since feeding must be interrupted, selection dictates that the transformation happen as quickly as possible and precisely enough to ensure that the adult network functions efficiently and as soon as possible in the new environment. The specific pathways adopted for transforming cartilage shapes, sizes and orientations at metamorphosis are all expected to require specific starting points in order to arrive at their optimal endpoints in a coordinated fashion. That amphibians have exceptionally variable growth and developmental rates could pose a problem in this regard. Rose (2014) lists more than twenty environmental factors that cause variation in one or both rates, and notes that Xenopus tadpoles at the start of metamorphosis exhibit more than a two-fold range in body size. The best way to guard against size-related variation in starting shapes is to stay close to isometric growth and to regulate shape as tightly as possible. This argument predicts that parts of the larval PA skeleton that contribute to functionally critical parts of the adult PA skeleton will grow isometrically and vary little in shape especially as the animal approaches metamorphosis. Parts of the chondrocranium that do not move and either disappear at metamorphosis, pass through it unchanged or serve as a framework for adding on new adult skeleton are expected to be more variable and more open to allometric growth. Both predictions are born out by the few morphometric studies currently available for tadpole skull development (Larson, 2002 , Larson, 2004 , Larson, 2005 , Rose, 2015 .
How does evolving away from metamorphosis impact pharyngeal arch skeletal ontogeny?
Direct development and paedomorphosis (meaning here the retention of the larval morphology through adulthood) in amphibians developing salamanders have generally eliminated larval growth and merged embryonic and metamorphic development into one prolonged developmental period before hatching. Bolitoglossine salamanders appear to have progressed further than other direct developing salamanders by modifying the shape and size of certain adult PA cartilages to allow for much greater tongue projection (Wake, 1982, Wake and Roth, 1989) . The second hypobranchial is now more robust than the first hypobranchial and the first ceratobranchial is extremely elongated. While these changes appear linked to the losses of lungs and larval period, how embryonic and metamorphic patterning were altered to produce them awaits a detailed study of prehatching development.
Direct developing frogs also appear to have evolved beyond the elimination of larval growth by additionally deleting late embryonic and early metamorphic stages of frog development (Hanken et al., 1992 , Kerney et al., 2007 . The lower jaw, palatoquadrate and branchial arch skeletons all appear at what are generally recognized as midmetamorphic shapes, sizes and orientations in metamorphosing frogs, albeit without the fine details like gill rays, and they complete the remaining metamorphic shape changes while inside the egg. This kind of evolutionary change differs from how cartilages are normally lost in vertebrate evolution. For example, considering the tail vertebrae in humans (Fallon and Simandl, 1978) and the peripheral phalanges of mammals (Cooper et al., 2014) and skinks (Shapiro et al., 2003) that have evolved digit reduction, the cells of these elements appear to die or be recruited by other elements just before they would normally differentiate into cartilage. In contrast to being directed to new fates, the cranial neural crest cells of direct developing frogs appear to condense and differentiate directly into midmetamorphic shaped cartilages (Kerney et al., 2010) .
That early shape changes can be deleted without affecting later ones demonstrates that the patterning of late metamorphic shape changes does not depend on cells having progressed through earlier shape changes. Cellular pathways like ceratobranchial replacement, which presumably evolved to change the shape of large, differentiated cartilages, appear to become less conspicuously expressed as embryonic and metamorphic development merge and be eventually subsumed by precondensation cell behaviors. If embryonic and metamorphic patterning events are controlled by upstream and downstream components of the same gene cascades, direct development argues for the ability to excise middle portions of this cascade without affecting later portions or any tissue interactions involved in forming adult morphology. Why this mechanistic flexibility has not been exploited for greater diversification of adult PA skeletons is the real mystery. Although bolitoglossines appear to exemplify evolutionary divergence in embryonic patterning that affects adult morphology, I would argue that most cases of direct development are really opportunities to ask how and why the development of adult morphology is constrained despite the loss of patterning steps to create earlier morphology.
Paedomorphosis
Paedomorphosis has evolved frequently in two large families of salamanders (salamandrids and ambystomatids), infrequently and rarely in two other large families (plethodontids and hynobiids) and frequently and not at all in two small families (dicamptodontids and rhyacotritonids) (Denoel et al., 2005 , Petranka, 1998 , Rose, 1999 . It is exclusive and probably ancestral in four other small families (cryptobranchids, sirenids, amphiumids and proteids).
Hormonally speaking, salamander species can exhibit one of three kinds of paedomorphosis: 1) some individuals or populations metamorphose naturally and others do not but all can be induced to metamorphose by applying thyroid hormone (TH), 2) no individuals metamorphose naturally but all can be induced to metamorphose at a morphological level, and 3) no individuals can be induced to metamorphose to a recognizable extent, though certain morphological, physiological or cell-level changes might still be inducible or occur naturally (Johnson and Voss, 2013, Rose, 1999) . As the descriptions suggest, these three types of paedomorphosis can be interpreted as evolutionary grades that species progress through by accumulating mutations that make them reduce or cease TH production and then eventually lose their tissue sensitivity to TH. Based on the limited data available for TH production and tissue sensitivity in paedomorphic forms -much of which is of questionable relevance as it comes from adults rather than larvae (Johnson and Voss, 2013, Rose, 1999 ) -most salamandrids and ambystomatids and some plethodontids are at the first grade, some plethodontids and ambystomatids are at the second, and cryptobranchids, sirenids, amphiumids and proteids are at the third.
Morphologically speaking, however, salamander metamorphosis and paedomorphosis come in several ontogenetic patterns, which point to taxon-and ecology-specific pathways of life history evolution (Rose, 1996 , Rose, 1999 . All metamorphosing salamanders transform their PA skeletons synchronously with gill and tailfin loss at the end of a larval period that is several months or years long. However, there are family-level differences in the timing of other shared postembryonic changes in the skull and skin, including the loss of Leydig cells and appearance of multicellular skin glands. Whereas most metamorphosing salamanders carry out some skull and skin changes during the larval growth period, metamorphosing plethodontids delay all postembryonic changes to the time of gill loss. Paedomorphosis in both forms typically involves the arrest of skull and skin development just before the stage at which gill loss is expected to occur. Thus, whereas nonplethodontid paedomorphs have partially developed nasal skeletons, small maxilla bones and a partially transformed palate, plethodontid paedomorphs lack these features as adults.
Cryptobranchids, sirenids and proteids differ from the paedomorphs in other families by showing a gradation in the amount of larval and metamorphic development that they retain (Rose, 1999) . At one extreme, the proteid Necturus develops only skin glands and an incomplete nasal capsule soon after hatching, and at the other extreme, the cryptobranchid Andrias completes most of the postembryonic changes exhibited by metamorphosing salamanders and does so over a multiyear larval period that culminates in gill resorption and ceratobranchial reduction. Amphiumids stand apart in retaining most postembryonic changes including gill resorption but not ceratobranchial reduction and carrying them out during or soon after embryonic development.
The postembryonic skull and skin changes shared by most salamanders show a surprising correspondence between their differences in timing and extent of occurrence across the class and their differences in TH sensitivity in metamorphosing plethodontids (Rose, 1995c , Rose, 1996 , Rose, 1999 . The more sensitive events are generally more widespread in phylogeny and occur earlier in ontogeny. This correspondence suggests that the gradual developmental pattern of metamorphosing nonplethodontids is regulated by a gradual increase in TH throughout larval and metamorphic periods as in frogs, and the more abrupt pattern of plethodontids results from an abrupt surge in TH at the end of the larval period. Paedomorphosis in both groups is generally consistent with TH production terminating at the end of the larval period. In contrast, the developmental patterns of cryptobranchids, sirenids, and proteids are more consistent with a gradual TH profile becoming attenuated to varying degrees before the tissues lose their TH sensitivity. Amphiumids bear the least resemblance to the ancestral developmental pattern and their derivation appears to have involved changes in both timing and level of TH activity.
Paedomorphosis is generally associated with springs, porous streambeds and caves in plethodontids and with ponds and lower temperature in the other families of metamorphosing salamanders (Bonett and Chippindale, 2006 , Denoel et al., 2005 , Johnson and Voss, 2013 . In contrast, cryptobranchids, sirenids, proteids and amphiumids live in large, permanent bodies of water, i.e., rivers, lakes, swamps and floodplains (Petranka, 1998) .
The TH truncation and attenuation pathways for evolving different forms of paedomorphosis cannot be tested directly since larval TH levels in metamorphosing forms are often below detectable levels and cryptobranchids, sirenids, amphiumids and proteids appear to have largely abandoned TH mediation of their postembryonic skeletal development (Johnson and Voss, 2013, Rose, 1999) . Nonetheless, some correlations can be drawn between how paedomorphosis appears to evolve and changes in PA skeletal development. Judging from anatomical descriptions (Rose, 2003) , truncating TH production to arrest larval development before gill loss is not associated with changes in the embryonic patterning or larval growth trajectories of PA cartilages. In contrast, attenuating TH levels to eliminate the less sensitive components of larval and metamorphic development is associated with unusually thick PA cartilages in the proteid Necturus, unusually short ceratobranchials in sirenids and amphiumids ( Fig. 1 E-F) , and the postembryonic addition and elaboration of more circular, less rod-like anterior PA cartilages (hypohyals, basihyals and anterior basibranchials) in amphiumids and cryptobranchids (Fig. 1 F -G, Rose, 2003) . The attenuation pathway is also associated with animals growing to exceptionally large sizes, growing allometrically to produce more derived body and skull shapes, and losing or reducing limbs. Regardless of exactly how paedomorphosis evolved in the move to large, permanent water bodies, this kind of paedomorphosis appears to have allowed salamanders more freedom to modify the embryonic and postembryonic patterning of their PA skeleton. It unfortunately did not allow for any adaptive radiation so there was not much ensuing diversification to learn from.
Concluding remarks
If it were possible to map the morphospace occupied by the PA cartilages of all stages of all species of either frog or salamander and to observe the shape variation contributed by embryonic and metamorphic patterning and larval and postmetamorphic growth, I would predict that the biggest spread would be between the contributions from embryonic and metamorphic patterning. I would also predict that the intraspecific variation between these two components is generally greater than the interspecific variation produced by either component alone. In other words, having evolved their biphasic patterns of PA skeletal development, frogs and salamanders appear to have been locked into relatively conservative ontogenies with limited opportunity for interspecific variation to arise from embryonic and metamorphic patterning or allometric growth. I have presented pattern-and description-based arguments for how the properties of cartilage might have facilitated the evolution of metamorphic ontogenies in amphibians and also imposed limits on how their PA skeletons could be modified in ontogeny and evolution. Testing these arguments awaits more mechanistic and allometric study of the growth and shape change of PA cartilages in amphibians as well as in nonmetamorphosing vertebrates that grow their PA skeletons primarily or exclusively in cartilage, e.g., lungfish, sturgeons, chondrichthyans, and many larval fishes.
